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Introduction
Solvent extraction (SX) remains one of the most popular techniques used in the extraction and recovery of uranium from mineral processing liquors. Despite its wide applicability, SX has drawbacks including the low ability for preconcentration, and a number of issues associated with the use of organic phases, such as the potential for solvent loss, phase disengagement in multiple contact stages, third phase formation and the generation of large volumes of liquid aqueous and organic waste streams [1] .
To overcome some of these challenges, the use of strong base (SB) anion exchange resins for uranium extraction from sulfate leach liquors was implemented in the 1950s [2] . These resins have quaternary amine functionality and a wide operating pH range of 0-13. Ion exchange has advantages over traditional solvent extraction [3] in its ability to preconcentrate metal species, and eliminates issues associated with use of organic phases.
Weak base (WB) anion exchange resins were introduced to hydrometallurgical processing in [1, 3] . These resins contain tertiary or secondary amine functional groups, and have a narrower pH range of operation, (pH 0 to pH 7-9), compared to SB resins, and are often more susceptible to silica fouling [1, [5] [6] [7] [8] . However, weak base resins generally have better selectivity for uranium over iron, and have associated advantages regarding reduced levels of poisoning [3, 4] . This makes them potential candidates for use in A In practice, processes employing IX resins for the separation/concentration of U typically use anion exchange resins with either strong base (SBA) or weak base (WBA) functional groups.
A A of fresh water for processing circuits. With the majority of mines located in arid regions, cost effective water treatment and recycling of large quantities of process liquor are integral to the economic and environmental success of these operations. The use of untreated bore water and/or seawater could significantly reduce the costs associated with U extraction in these operations, but the salinity of these types of water is known to have a detrimental effect on uranium extraction.
The effect of high chloride on concentrations on the ion exchange mechanism of uranium is two-fold: 1) decreased exchange of the U-sulfato species, likely due to competition by chloride; and 2) increased exchange of iron and other impurity elements [9] . For example, chloride has been shown to decrease uranium extraction into the solvent or resin phase, where concentrations of just 2.5 g L -1 Cl, O D , reduced uranium loadings at most by 20% [9] .
However, with water treatment having both economic and environmental implications, it is of increasing interest to find new ways of overcoming the decreased extraction associated with using saline waters in processing circuits. Our work seeks to identify a commercially available ion exchange resin that is adaptable to use under higher chloride conditions, and as such could present a pathway for the use of seawater or bore water in uranium recovery circuits. This has the potential to reduce the substantial economic and potential environmental burden placed on limited freshwater supplies located in places such as
A W
Rather than focussing on developing new resins to suit high chloride, acidic sulfate processing streams, our work seeks to apply current resin technologies to new processes.
Our reasons are two-fold: Firstly, the mineral processing industry is a very small component of the wider industrial applications of ion exchange resins. It therefore represents a significant cost to design a new resin technology to serve this type of hydrometallurgical separation. Secondly, we suggest that current resin technologies have not been applied to their full potential due to an incomplete understanding of the chemistry involved. The innovation therefore comes from applying commercially available resins to new processes.
Weak base anion exchange resins have been effectively used to separate uranium, U(VI), from sulfate-based acid processing streams [4, [10] [11] [12] . The weak base chelating resin, Dowex M4195, with bis-(picolyl)amine functionality, has demonstrated unique separation capabilities for first row transition metals. It has been investigated for the extraction of Cu(II) [10] [11] [12] [13] [16] [17] [18] , Ni(II) [13] [14] [15] [16] [17] [18] [19] , Co(II) [14-16, 18, 19] , Cr(III)/(VI) [21, 22] , Zn (II) [13, 15] , Cd (II) [13, 15] , Pd(II) [14, 15, 23] , Au(III) [15] , Pb(II) [14, 19] Fe(III) [14, 19] , Mn(II) [14, 19] , and Pt(IV) [15] . To the best of our knowledge, the application of Dowex M4195 to separate uranium from acid-based streams has not been carried out. However, its properties with respect to iron and other elements suggest it may still promote uranium extraction over iron with increasing chloride concentration.
The resin structure of the Dowex M4195 functional group is shown in Figure 1 . From proton uptake experiments the apparent pKa for the functionality is predicted to be around pK 1 = 3.5 [15, 16] , pK 2 = 2.7, pK 3 = 1.5 [16] . The weakly basic nature of Dowex M4195 precludes use in alkaline carbonate circuits. Howev We present work exploring, for the first time, the extraction of uranium from sulfate media in the presence of increasing chloride using the chelating and weakly basic anion exchange resin Dowex M4195. Rather than focusing on a single element system, we have investigated the impact that the presence of metals commonly encountered in the processing of uranium have on the ability of Dowex M4195 to successfully extract uranium. We make conclusions as to the suitability of this resin for future use in high salinity uranium extraction circuits incorporating ion exchange.
Experimental

Reagents and stock solutions
For experimental investigations the commercially available chelating exchanger Dowex M4195 was supplied by Sigma Aldrich. The general data for this resin is given in Table 1 [24] .
Prior to experimentation the resin was preconditioned by bottle rolling with 1 mol·L -1 H 2 SO 4 for 24 hrs at room temperature. The resin was then washed five times with 200 bed volumes of deionized water before use, where one bed volume is described as the minimum volume of water required to wet the resin. ; the temperature was maintained at 21 °C, and a slow stream of nitrogen was passed through the titration vessel in order to reduce the interference from CO 2 . The resin prior to titrating was contacted with 1 mol·L -1 NaOH to generate the free base form, dried at 50 °C for 24 hrs and then ground to a fine powder. The resin was then weighed out (0.05 g) and combined with 0.01 mol·L -1 HCl at 1.0 mol·L -1 NaCl (50 mL) and titrated with standardized 0.1 M NaOH (1.0 mol·L -1 NaCl). The concentration of proton exchange groups were determined by the difference in proton concentration per mass of resin after thermodynamic equilibrium (24 hr contact time). All potentiometric titrations were performed in triplicate, in both static and dynamic modes.
The potentiometric curves were fit using PSEQUAD [26] and the last pK a fit by minimization of the standard error in the data. PSEQUAD is a comprehensive program for the evaluation of potentiometric and/or spectrophotometric equilibrium data using analytical derivatives.
The calculation of the unknown free concentrations of components is based on the standard Newton-Raphson procedure by minimizing the difference between calculated and experimental data points for a given number of species affecting free protons in solution.
The Gauss-Newton method is used for the refinement of these parameters [27] . This makes the program capable of fitting polyelectrolytes and solid-liquid systems including metal ion precipitation.
Batch extractions sulfate media
All batch extractions as a function of acid concentration were carried out as single contacts with the contact of 2mL of resin with 50 mL of aqueous simulant feed. It should be noted that all contacts were performed under acidic conditions to mimic the use of seawater as the diluent for uranium leachate under expected process conditions. The resin and aqueous feed were continuously mixed for a period of 24 hrs at room temperature (21 °C) on an orbital shaker. A time of 24 hours was chosen to ensure equilibrium had been achieved. It has been shown that this period of time is sufficient ensure equilibrium is achieved in these types of systems [28] . No attempt was made to control the pH during the course of the experiment but it was measured at the conclusion of the experiment. 
Where C i is the initial metal concentration before contact and C aq is the concentration of the metal ion in the aqueous phase after contact with the resin. pH measurements for solutions were determined using a silver/silver chloride reference electrode calibrated from pH 1-10 using buffers. At higher acid concentrations [H + ] was determined by titration and verified by chloride concentration via ion selective electrode analysis. Error was determined by triplicate measurement in aqueous feed solution concentrations prior to contact.
Determination of loading behaviour under saline conditions
All loading isotherms were carried out as single contacts with the contact of 2mL of resin with 20 mL of aqueous simulant feed. As noted above, all experiments were performed at acidic pH values. The resin and aqueous feed were continuously mixed for a period of 24 hrs at room temperature (21 °C). As mentioned previously, 24 hours was considered a suitable time scale to ensure equilibrium had been reached. As before, no attempt was made to control the pH during the course of the experiment. The data were fitted with two parameter isotherm models Langmuir and Dubinin-Radushkevich (D-R) [27] . The fitting was carried out by using linear regression and by non-linear least squares analysis using SOLVER [29] .
Dubinin-Radushkevich isotherm model (Equation 3):
At equilibrium in these models q e denotes the resin metal ion concentration (mmol·g ) and T is the absolute temperature (°K).
It must be noted that due to the fact that the interaction of uranium anion exchangers involves a heterovalent interaction with the resin functionality, the physical assumptions underlying the theoretical derivation of most isotherm models are violated [30] . Fitting the data to 2 parameter isotherm models whilst purely empirical in nature will allow for comparison with previous literature studies in the assessment of how well Dowex M4195
behaves in the extraction of uranium from saline sulfuric acid media. Error in the isotherm constants was calculated from the linearized form of the model using the SOLVER calculated values using the deviations of the experimental data from this best fit line.
An attempt was made to fit the isotherm data based on the mass action law for the heterovalent exchange of uranium anions in solution with salt counterions from the resin functionality. In this study stability constant values for complexation and protonation are given in MHL stoichiometric format. Notation K indicates a stepwise equilibrium reaction enotes the overall equilibrium reaction. That is, a log 10 K value for the complexation of x metal ions, y protons and z ligands would be denoted as log 10 K xyz .
3 Results
Determination of acid dissociation constants
The titration curve for ground resin at 1.0 M NaCl ionic strength is shown in Figure 2 . Fitting the potentiometric titration curve using PSEQUAD [27] gives values for the proton dissociation constants which are given in Table 2 . Using a singly charged species HL + present on the resin surface and the presence of two species of HL + and H 2 L 2+ , the titration model resulted in poor fitting of the potentiometric titration curve in the pH 3-6 region by over predicting free proton in solution in the pH region of 4-6 and under predicting in the region of 3-4. It is not clear from the current study as to whether the anion exchange species is or but it is most likely, from the conditions under which the resin was conditioned, that the pre-contact species is .
Extraction studies as a function of acid and anion concentration 3.2.1 Extraction studies as a function of acid concentration
The percentage extraction of uranium and other selected metal ions is shown in Figure 3 . Figure 4 . extraction is suppressed at higher sulfate concentrations.
Extraction studies as a function of increasing chloride concentration
In Figure 5 the effect of increasing chloride on metal extraction by Dowex M4195 at pH 1.80 ± 0.05 and 0.15 mol·L -1 sulfate is shown. The increasing concentration of chloride in the sulfate system has no effect on Ni 2+ and Cu 2+ extraction. 
Isotherm behaviour under saline conditions
The result from the fitting of the isotherm data using Langmuir and Dubinin-Radushkevich models [27] are shown in Table 4 . The fitting using SOLVER was carried out by minimization of the sum of square errors. Using the SOLVER correlation coefficient the Langmuir model
gives the overall better correlation coefficients at low chloride concentration. The D-R isotherm gives fairly similar correlation coefficients to that of Langmuir plots and gives an insight into the thermodynamics of the exchange mechanism on the surface of the resin. For the models tested the trend in surface uptake equilibrium is predicted for increasing chloride concentration in that the initial suppression in uptake is observed until at the highest concentration of chloride where uptake is increased. The monolayer saturation capacity, q m (mol·g -1
), was calculated from the Langmuir equation using Equation (4).
The mean free energy of sorption, E, was calculated using Equation (5).
It must be noted that the D-R isotherm over-predicts the uranium capacity of the resin whereas for the Langmuir model there is not enough higher uranium concentration data points to accurately predict the monolayer saturation capacity. With the Langmuir isotherm it is apparent that, within error, the maximum capacity does not increase until higher chloride concentrations are reached. Whereas for the D-R isotherm model the maximum uranium capacity predicted follows the isotherm data trend regarding uptake suppression in moderate chloride concentrations to increased uptake at high chloride concentration. The divergence in the model predictions means it is difficult to ascertain whether the change in isotherm behaviour with increasing chloride in solution is dominated by a reduced number of sites for uranium uptake due to chloride competition or to a change in uranium
speciation. An E D value less than 8 kJmolmechanism [24] where above this value chemisorption dominates. In Table 4 This is due to the observed suppression of U(VI) uptake with increasing chloride (implying anionic competition) and the that fact that complexes of uranium with pyridylamine functionalities are unfavourable or weak in aqueous and organic solutions [31, 32] . In the model it is assumed, based on the most dominant species determined by potentiometry, at pH 1.8 that the extracting M4195 functional group is doubly protonated and associated with two bi-sulphate moieties. One Uranium complex (UO 2 L x 2-) in solution exchanges with two bisulphates in the following mechanism.
The isotherm was fit to the following expression;
Where;
The uranium on the resin surface is given by y, x is uranium in solution and S is the total resin functionality available as . The full derivation of this model is given in the supplementary information. It must be noted that this model is an approximation as there are a number of other potential species in solution that produce singular charged species, which may also compete for ion exchange sites on the resin. The stability constants used to model the uptake of uranium are given in Table 5 along with the ion exchange equilibrium L NIST database as a function of ionic strength [32] ; others were fit using SOLVER by fitting Equation 7 to the isotherm data. 
Determination of acid dissociation constants
The speciation of Dowex M4195 at 1.0 M NaCl ionic strength as a function of pH (0.002 M BPA functionality present) is shown in Figure 8 . The acid dissociation constants for Dowex M4195 presented in Table 2 give a pK 2 that is comparable with values presented previously in the literature of 2.2 and 2.7 in chloride and sulfate media respectively [15] . It is not possible to measure the most acidic dissociation constant pK 1 using the experimental procedure outlined in section 2.2 but is predicted to be around 0.5 and 1.57 in chloride and sulfate media respectively [15] . Both of these acidic pK a values are associated with the protonation of the pyridyl nitrogens on the BPA functional group.
The most basic acid dissociation constant for the BPA functional group (pK 1 ) on the M4195 resin is associated with the pronation of the aliphatic nitrogen in the structure. The measured value of 4.13 ± 0.04 using a potentiometric titration methodology is more basic than previous values cited in the literature of 3.4 and 3.5 in chloride and sulfate media, respectively, at 0.1 M ionic strength [15] and 3.5 at 1.0 M NaCl determined by equilibration studies [14] . The results presented at 1.0 M ionic strength in the literature are from equilibration studies and are taken from pH 50 values and as a result is a combined pH effect rather than interpolated behaviour attributed to specific BPA functionality. The existence of a HL 2 species where a proton is shared between two BPA functionalities has not been seen before for Dowex M4195 although this type of behaviour determined by titration has been seen for the aminophosphonic acid groups on Purolite S940 [25] . The sharing of protons between separate heterocyclic nitrogen groups is evidenced very well in the conformational changes of (5,6)-CHIRAGEN(0), which contains two separate (5,6)-pinene-bipyridine functionalities [33] . What can be seen from the speciation plot is that above pH 4.6 approximately 50% of the functionality or greater is present as the fully deprotonated ligand. This means that only very benign conditions are required to induce free amine functionality. This means that species that interact with the surface of the resin through a charged pairing interaction, rather than chelation, can be readily eluted from the resin.
Distribution studies as a function of acid and anion concentration 4.2.1 Effect of acid and anion concentration on U(VI) uptake
The results presented in Figure 3 show uranium uptake increases with decreasing acidity in pure sulfuric acid media with 100 % extraction occurring H " r behaviour has been observed in a previous study where the extraction constant was observed to increase from pH 0.4 to a maximum at pH 1.4 [34] . The decreased extraction of uranium below pH 1 is likely due to competition of the HSO 4 -ion in an anion exchange extraction mechanism. 4 Cl + cation [42, 43] . Using X-ray absorption spectroscopy, Allen et al. [42] showed that the speciation of U(VI) on the surface of a strong base resin (UO 2 Cl 4 2-) differed from that present in the feed solution (UO 2 (H 2 O)Cl 4 2-). Although their experiment was conducted under much higher chloride concentrations (10 M Cl -) than our study (<2 M Cl -), it is evident that there can be a change in speciation of U(VI) on uptake by the resin, and this can involve a reduction in coordination number in the UO 2 2+ equatorial plane, likely through a de-watering process.
To our knowledge there are no studies concerning U(VI) speciation in mixed sulfate-chloride media. As such, it could be surmised that under the experimental conditions at high chloride concentrations that the dominant ion exchange mechanism in saline sulfuric acid media on Dowex M4195 follows;
We propose differing extracted uranium speciation at low and high chloride concentrations to account for the extraction behaviour detailed in Figure 5 . The initial reduction in uranium extraction as chloride concentration increases, followed by an increase in uranium extraction as chloride increases further, implies that two different uranium species with different affinities for the resin as compared to the chloride ion, are extracted across the salinity range investigated here.
What is not clear from our results is whether at initially low chloride concentrations the suppression of uranium uptake is due to competition between Cl -and UO 2 under increasing chloride conditions we have conducted a full XAS study of U(VI) solution and resin speciation, on a WB resin, which will be the subject of a forthcoming publication along with uranium XAS speciation on a variety of chelating resins used in hydrometallurgy under sulfuric acid and acidic saline extraction conditions.
Effect of acid and anion concentration on impurity uptake
The pH 50 values for the percentage extraction of copper, iron (III), nickel, thorium and uranium (IV) from sulfate media of varying acidity are presented in Table 3 The behaviour of iron uptake, as shown in Figure 3 , shows that ferric iron is increasingly taken up with decreasing acidity on Dowex M4195. However, in a previous study, when the resin was loaded from a mixed solution where the molar concentration of metals in solution was greater than the capacity of the resin available, ferric iron uptake was suppressed to less than 20 % extraction at acidities of 0.1 and 0.01 M [H + ] and decreased even further with decreasing acidity, compared to the 32 and 84 % extraction for this study respectively [45] .
These results show that although ferric iron was present at almost 30 times the molar concentration of copper, the resin has a much higher affinity for copper over ferric iron. This
G H
times greater than that of ferric iron [34] . This is consistent with copper being extracted via a chelation mechanism, and iron by an anion exchange mechanism. Using stability constants available in the literature the most dominant species at low acidity is Fe(SO 4 ) 2 -as well as a few hydrolysed sulfato species [32] . At high acidity the dominant species in solution is most probably Fe(HSO 4 )(SO 4 ), a charge neutral complex. However it should be noted that in the speciation calculations in this study 121 was predicted to be 6.84, which is somewhat lower than the 8.10 from another recent study [47] . Iron uptake by the resin increases with increasing chloride concentration, suggesting that a ferric chloride anion has a strong affinity for the surface;
Aluminium extraction was found to be low over all pHs tested and similar results are reflected in other studies [45] . Thorium uptake increases with decreasing acidity, yet does not reach 100 % extraction at any pH examined and also decreases with increasing sulfate ) [50] [51] [52] [53] . ) in Figure 9 . T uptake of uranium to M4195 is a novel approach, and thus provides insights into the uranium extraction process not seen in other studies. The overall stability constants found for the uranium sulfato species are comparable to those available in the literature [32] at 0-2 M ionic strength conditions, and thus we have confidence in the application of this novel approach to this system. At the higher chloride conditions, however, there is lower confidence in the output of the model as high order stability constants for chloride complexes have not been determined in solution, and indeed, there are only a handful of spectroscopic studies addressing uranium speciation in high ionic strength chloride media [42, 43] .
The modelling is further complicated by the presence of both sulfate and chloride ions in the T speciation in mixed sulfate-chloride media. Stability constants for low chloride ionic strength would suggest that uranium sulfato species are more likely, however, as mentioned above, there is a lack of thermodynamic data for uranium in high chloride systems, and as such it is difficult to predict whether uranium chloro complexes will dominate in high chloride systems in which sulfate is present.
The final complicating factor is that the speciation of uranium on the resin surface may not reflect the dominant solution speciation. Work by Allen et al. [42] showed that showed that the (UO 2 (H 2 O)Cl 4 2-) complexes in the feed solution undergoes a reorganisation at the resin surface through a dewatering process, and (UO 2 Cl 4 2-) is adsorbed by the resin. It is therefore difficult to predict the uranium species taken up by the resin, even if the solution speciation can be predicted from stability constants.
Given these complexities, it is important to remember that the resultant model fits have a large degree of uncertainty built into them. This points to the need for a targeted spectroscopic study into both the solution speciation of uranium in mixed sulfate-chloride media, and the resin speciation of the uranium extracted from the mixed media. This would allow much tighter constraints to be placed on the model, increasing the confidence, particularly for the higher chloride conditions. An X-ray absorption spectroscopy study of this kind is currently underway by this team.
Conclusions
Most commercial weak-base resins have a pK a (defined as the pH value at which 50 per cent of the functional groups of the resin are protonated) in the range 6 to 8. This study shows that Dowex M4195, taking into account the most basic pK a s in Figure 8 , has a pKa in the range of 4.0-4.5. Although this almost weak acid characteristic pK a will not make this resin amenable to alkaline extraction processes but will make the resin more easily eluted of ions taken up through anion exchange, and less problematic in resin regeneration after silica fouling [5] [6] [7] [8] Under sulfate conditions with little to no chloride present the most probable mechanism for the extraction of uranium by Dowex M4195 in solution is as follows;
Where L is the bispicolylamine functionality and the straight line accent denotes extraction onto the surface of the resin. This mechanism would account for both the suppression of uranium uptake as a function of both pH and sulfate concentration under the conditions tested.
The extraction mechanism of uranium from mixed chloride-sulfate media is not straightforward and cannot be fully explained by chloride anion competition. Of particular interest is the initial reduction in uranium extraction as chloride increases, and then the subsequent increase in uranium extraction as chloride continues to increase. This may suggest a change in uranium speciation taken up by the resin, from a sulfato species that is outcompeted by chloride ion uptake, to a chloro species that outcompetes chloride ion uptake. A study into this specific behaviour is underway by this group.
It is clear that Dowex M4195 has slightly better loading behaviour in the mixed media than conventional strong base type I and weak base resins. However, it should be noted that the loadings are still low, and are likely to be below those required of the uranium processing industry for cost effective resource recovery. This study therefore suggests that for uranium processing streams incorporating seawater or bore water rather than fresh water Dowex M4195 represents a better option than currently available ion exchange technologies, but still falls short of the necessary performance criteria of >95 % extraction.
A mass transfer and equilibrium solution modelling approach was able to account for the uranium uptake from mixed sulfate-chloride media across the salinity range tested, however it should be noted that due to a lack of thermodynamic date for uranium in strongly saline solutions, and the uncertainty surrounding uranium speciation in mixed sulfate-chloride media, there is reduced confidence in the model output as chloride concentration increases.
It can be inferred from the model that to increase the extraction of uranium, when moving to higher NaCl concentrations, a strong chelating effect would be a preferred interaction and at lower concentrations a large number of polyamine sites would benefit. Both of these aspects are currently being explored.
Thorium extraction behaviour on M4195 is interesting and warrants further investigation.
Results indicate that under high chloride conditions in a mixed media solution, U(VI) can be readily separated from Th(IV) and could be beneficial in the partitioning of waste generated from mining and mineral processing.
Most evident from the data is that Dowex M4195 is more suitable for the extraction of metals such as Cu and Zn as it is clearly a strong chelate for these types of metal ions, and represents an efficient option for removing these contaminants from a U(VI) stream. 
